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In recent years, many studies was developed to find out different solutions for the induction 
motor control having the features of precise and quick torque response and reduction of the 
complexity of field oriented algorithms. The Direct Torque Control (DTC) method is the most 
recent control technique used to achieve these requirements. Designing power electronic systems 
is based on accurate knowledge of the designers. The procedure allowing adjustment 
performances in order to respect requirements follows a “try and test” scheme. The design is 
done step by step, sizing each part but without computer assistance. In this paper, we show how 
a high level language can be used to model a system including many domains like digital and 
analogue electronics, power electronics, electrical motor, control, etc. Each domain must be 
described at the good level of abstraction taking into account the wanted level of results. When 
the system and its simulation are available, it is possible to drive many studies in a virtual way: 
comparison of control algorithms, technological choices, etc. At this level, it is possible to talk 
about Virtual Prototyping of a complex system. We show in this paper how this approach can 
be applied to the DTC Control of an asynchronous motor in order to optimize the control 
algorithm and the embedded hardware. 
Keywords:  DTC, virtual prototyping, VHDL-AMS, multi-domain simulation, switching strategy 
optimisation, digital control systems. 
1. INTRODUCTION 
AC drives based on Direct Torque Control of induction machines allow high dynamic 
performance to be obtained with very simple control schemes. The drive behaviour, in 
terms of current, flux and torque ripple, is dependent on the used specific DTC strategy. In 
this paper, we expose a study of the effect of several DTC parameter’s variations; 
especially the influence of the DC supply voltage E, the influence of stator resistance and 
the bit number of A/D converters on the flux and torque behaviour. A comparative analysis 
between several DTC switching tables is also exposed. In fact, different control techniques 
which use different switching strategies according to prefixed speed ranges are presented. 
The advantages associated to each one are discussed and some simulation results showing 
the transient response of the torque control are given.  S. Feki et al: Simulation and Optimization of Multi-domain Systems using VHDL-AMS ... 
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The analysis carried out in this paper was aimed to modify the basic DTC scheme in 
order to improve the performance in terms of flux, torque and current ripple. But all exposed 
analysis are done with a virtual way using VHDL-AMS. In fact, the DTC technique is a 
multi-domain system including analogue and digital blocks, a power block and an interface 
block containing sensors and A/D converters. The new standard VHDL-AMS allows the 
simulation of the whole system in a same simulation environment which offers the 
possibility to study the influence of each block on the entire system.  
2. DIRECT TORQUE CONTROL PRINCIPLE  
A general system configuration of DTC scheme is represented on figure 1. In this system 
the instantaneous values of flux and torque can be performed from stator variables and 
mechanical speed or using stator’s variables only. Stator flux and torque can be controlled 
directly and independently by properly selecting the inverter switching configurations. In 
voltage source inverters, eight switching combinations can be selected, two of which 
determine zero voltage vectors and the remaining combinations generate six equally spaced 
voltage vectors having the same magnitude.  
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Figure 1: Block diagram of the DTC J. Electrical Systems 2-4 (2006): 185-197 
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The DTC principle consists in the definition of a look-up table which specifies the 
switching pattern, in order to maintain stator flux and torque inside an hysteresis band and 
close to their references. 
As shown on figure 1, DTC strategy only needs two current sensors (Is1, Is2) at the output 
line of voltage source inverter which feeds the induction machine. This command consists 
of an estimation of the stator flux and the electromagnetic torque from the control signals 
C1, C2 and C3 (obtained from a look-up table), the constant voltage in the inverter input E 
and stator currents Is1 and Is2.  
A DTC is a multi-domain system including digital and analogue blocks, power electronics 
and an interface block. 
The power block contains induction machine, load, and voltage inverter. The interface 
block consists of sensors and analogue-digital converter. The digital block takes into 
account the DTC algorithm. Nowadays, digital control systems are generally carried out 
with DSP or an ASIC/FPGA [1]. 
3. VHDL-AMS MODELING OF THE DTC BLOCKS 
Formal computation software such as MATLAB_SIMULINK is usually used to validate 
new concepts of control. When it is a question of real integration, hardware description 
languages are more adapted. In the case of a DTC system, it is necessary to do a mixed 
(analogue and digital) simulation. The new standard VHDL-AMS (since 1999) is able to 
carry out both analogue and digital signals [2]. Furthermore, it allows a multi-domain 
system simulation in the same environment. For these advantages, we have chosen this 
hardware language to model the DTC system. Our target was to develop a virtual prototype 
able to simulate the whole system and to optimize its performances. 
 
 
Figure 2: VHDL-AMS description with Simplorer environment S. Feki et al: Simulation and Optimization of Multi-domain Systems using VHDL-AMS ... 
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A VHDL-AMS description was developed for each block of the DTC including functional 
models. The obtained blocks was connected in Simplorer Software environment [3]  to 
obtain a high level description of the DTC as detailed on figure 2. 
We detail in following the functional equations and diagrams used to develop the VHDL-
AMS descriptions. 
3.1 Triphased-Diphased Transformation  
The basic idea of the DTC method of induction machine consists of calculating the 
instantaneous values of flux and torque. These values are directly estimated from stator 
voltages determined with the DC voltage E and the Boolean switching controls C1, C2, C3. 
Triphased-diphased Concordia transformation is used to compute stator voltage vectors and 
current vectors on perpendicular (α, β) axis as exposed in the following expressions: 
123
2
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s VE C C C α = −−                    ( 1 )  
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3.2 Flux and Torque Estimation 
DTC schemes require the estimation of stator flux and torque. The stator flux evaluation 
can be carried out by different techniques, depending on whether the rotor angular speed (or 
position) is measured or not. The stator flux  S φ can be evaluated by integrating the quantity 
() . SS S VR I αα −  according to the following expressions: 
() . SS S S VR I d t αα α φ = − ∫                        ( 5 )  
() . SS S S VR I d t ββ β φ = − ∫                        ( 6 )  
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This method is very simple, requiring the knowledge of the stator resistance only. The 
effect of an error on Rs is usually quite negligible at high excitation frequency but becomes 
more serious as the frequency approaches zero. Flux and torque estimation is a digital bloc; 
to realise the integration function we used the following algorithm based on the trapeze 
method [4]. In the integration block, we need models of a shift function, a register, an adder 
and a multiplier. All these functions were described with VHDL-AMS. 
The estimated field is calculated from the following relation: 
() () () () ()
2 2
_ Se s t S S kkk αβ φφ φ =+                   ( 7 )  
In this expression, we need a square root function. So, we used the Cordic method 
traditionally applied to achieve a square root of a digital number [4]. 
The following equation is usefully employed to perform the estimated torque: 
() () () .( . . ) est S s S s Cem k P k I k I αβ βα φφ = −                 ( 8 )  
where P is the pair pole number.  
We note here that in expression (8), we require the estimated values of the stator flux. 
3.3 Flux and Torque Regulators 
The stator flux and torque controllers are hysteresis type. The flux controller is a two 
level (or three level) comparator, while the torque controller is a three level comparator. 
The reference stator flux ΦS_ref and the reference torque Cem_ref are compared to actual 
values of stator flux ΦS_est and electromagnetic torque Cem_est. Sampled flux and torque 
errors (Err_f and Err_c) are delivered to controllers. The digitized output signals ΦS and 
Cem and the stator flux position region N decide which appropriate voltage vector is 
chosen from the selection table. The voltage vector is selected in order to keep the stator 
flux amplitude and the motor torque within the hysteresis bands of the controllers. 
When the errors (Err_f) and (Err_c) go out the hysteresis band, a new switching state will 
occur only in the next sampling time which makes the inverter to work at variable 
switching frequency. 
To implement the flux regulator block, we applied the organization chart presented on 
figure 4. Where eps1 is the amplitude of a fixed tolerance on the stator flux magnitude; 
Err_f is the error between the estimated and the reference flux and “f “is a variable which 
takes two states and defines the action wished on the behavior of the flux. 
Err_f =ΦS_ref - ΦS_est 
f =1 
No  Yes 
f =0 
Err_f < eps1 
 
Figure 4: Flow diagram of the flux regulator S. Feki et al: Simulation and Optimization of Multi-domain Systems using VHDL-AMS ... 
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For the regulation of the electromagnetic torque, we define a double band regulator to which two variables k1 and 
k2 in four states are associated. k1k2 defines the action wished on the behaviour of the torque. To implement this 
block, we applied the organization chart presented in figure 5. Where psi1 and psi2 are the amplitude of a 
fixed tolerance on the electromagnetic torque magnitude. 
Err_c=Cem_ref-Cem_est 
k1k2=”00” 
k1k2=”10”  k1k2=”01”
Yes  No 
Err_c > psi2 
Err_c > psi1 
 
Figure 5: Flow diagram of the torque regulator 
3.4 Angular Estimator  
The possible global locus of the stator flux space vector is divided into six different 
sectors (the first sector is the zone from -30° up to 30°). These sectors are denoted from s(1) 
to s(6). The components Фsα and Фsβ allow the knowledge of the angular position of the 
stator flux space. The following block diagram shows the used algorithm to perform the 
angular estimation. 
 
√3Фsβ>Фsα  √3Фsβ< Фsα 
Yes  No 
Фsβ>0  Фsβ>0 
S(1) 
Фsα>0 
√3Фsβ> Фsα √3Фsβ< Фsα 
S(2)  S(6)  S(1)  S(3)  S(4)  S(5)  S(4) 
 
Figure 6: Flow diagram of the angular estimation  
Table1. Switching table according to Takahashi 
  f  1 1 1 0 0 0 
K=k1k2 “10” “00” “01” “10” “00” “01”
s(1)  V2 V7 V6 V3 V0 V5 
s(2)  V3 V0 V1 V4 V7 V6 
s(3)  V4 V7 V2 V5 V0 V1 
s(4)  V5 V0 V3 V6 V7 V2 
s(5)  V6 V7 V4 V1 V0 V3 
s(6)  V1 V0 V5 V2 V7 V4 
 
3.5 Switching Table 
The selection of the appropriate voltage vector is usually based on a switching table. The 
input quantities are the stator flux sectors and the outputs of the two hysteresis comparators. J. Electrical Systems 2-4 (2006): 185-197 
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Stator flux modulus error after the hysteresis block (f) can take just two values. Torque 
error after the hysteresis block (k1k2) can take three different values. The zero voltage 
vectors V0 and V7 are selected when the torque error is within the given hysteresis limits, 
and must remain unchanged. 
Table 1 shows a switching table according to Takahashi [5] which carries out a voltage 
choice depending on the fixed values f and k1k2. 
4. DTC HIGH LEVEL SIMULATION 
4.1 Ideal prototype 
The developed VHDL-AMS descriptions include ideal models. They were connected in 
Simplorer Software environment to obtain a high level description of the DTC. The 
exposed blocks include power electronic models (asynchronous machine, load and inverter) 
and digital and analogue electronic behavioural descriptions (integrator, sensors, A/D 
converters, etc). It represents a so complex multi-domain system. The whole system is 
simulated in Simplorer 6.0 Software environment as shown on figure 2 to validate the 
VHDL-AMS description of the whole system, we do also a simulation with MATLAB [6]. 
We compare on figure 7 simulation results obtained with the both simulators: a circular 
flux-vector-trajectory is obtained, the flux is regulated around 0.7 Wb and the torque 
oscillates around 3 N.m. We notice that similar results are obtained with both MATLAB 
and Simplorer 6.0 simulators. 
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(c) Flux simulation 
Figure 7: DTC command system simulation S. Feki et al: Simulation and Optimization of Multi-domain Systems using VHDL-AMS ... 
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4.2 Non ideal prototype 
The ideal prototype for the DTC control is composed of ideal functional models which 
are not depending on process parameters and just traduce the ideal transfer function for the 
several blocks constituting the DTC system. In a second step, a non-ideal prototype was 
developed to simulate the effect of several physical parameters. We developed new VHDL-
AMS descriptions at a lower level of the Top-Down hierarchical design. 
With the developed VHDL-AMS descriptions, it is possible to simulate the influence of 
several system’s generics. We expose in the following a behavioural study of the effect of 
the DC voltage E, the switching strategy, the temperature, the switching frequency variation 
of the inverter and the bit number of the converter. 
4.3 Influence of the variation of DC voltage E 
The phase output voltage of a conventional six switches three-phase Voltage Source 
Inverter (VSI) can assume two values, usually coded by bits 0 and 1. Bit 0 means that the 
phase output voltage is zero, while bit 1 indicates that the output voltage is equal to DC link 
voltage E; so eight different switches configurations generate as many output voltage 
vectors. It is useful to study the effect of the variation of the voltage E on flux and torque 
behaviours. We carry out a simulation in which E takes five values: E1=100%E, E2=65%E, 
E3=45%E, E4=34%E and E5=20%E.  
Figures 8 (a) and (b) show the obtained results. We notice that the flux is well controlled, 
whereas the torque does not follow the reference since E=34%E.  
t [s] 
0.8
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0
E variation
Flux evolution 
Flux(Wb) 
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Figure 8a: Flux evolution  
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Figure 8b: Torque evolution  
4.4 Analysis of different switching strategies 
4.4.1 Takahashi Method 
This strategy is based on the use of hysteresis regulators with three levels for torque and 
two levels for flux [5]. The variable K=k1k2 (output of the torque regulator) takes three J. Electrical Systems 2-4 (2006): 185-197 
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states (“10”: increase; “00”: maintains;”01” reduction). In the same way, the variable f 
(output the flux regulator) takes two states (“0”: increase; “1”: reduction). Null sequences 
are applied when one wishes to maintain the torque in the band (K = “00”), and this, 
whatever the value of flux (f = “0” or “1").  
By selecting one of the null vectors V0 or V7, the rotation of stator flux is stopped and 
involves thus a decrease of the torque. The null vectors tension V0 and V7 are selected in 
an alternative way in order to minimize the number of commutations of the same switch of 
the inverter.  
Figures 9.a and 9.b show that the fluxing of the machine is not assured with a null reference 
for the torque.  
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3
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0
Reference 
Flux 
 
Flux(wb) 
 
Figure 9a: Torque evolution.      Figure 9b: Flux evolution  
4.4.2 2C2F Method without null sequences 
This method consists in using only active sequences. Two regulators with hysteresis on 
two levels are used [5][6]. The absence of zero voltage vector positions does not make it 
possible to decrease the switching frequency of the inverter and especially at low speed. 
This generates necessarily an audible noise of strong intensity which can be particularly 
awkward at low speed and causes considerable losses at high speed what is likely to 
compromise the effectiveness of this strategy when applying strong power.  
Figures 10.a and 10.b illustrate the behaviour of the flux and the electromagnetic torque. In 
deed, the estimated stator flux follows the flux reference . Its value is affected by the 
hysteresis; so that, it presents some fluctuations in its permanent regime. The tolerance 
band was fixed to 5% of the nominal flux.The torque is correctly controlled and follows its 
reference. It is also affected by the hysteresis and presents many fluctuations around the 
reference. One checks (Figure 10.a) and (Figure 10.b) that the fuxage of the machine is 
possible on the stop. 
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Figure 10a: Torque evolution.             Figure 10b: Flux evolution  
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4.4.3 3C2F Method 
This method is distinguished from the basic strategy of TAKAHASHI by the fact of 
applying active sequences of voltage if k=k1k2 = “00” and f = “1”. One applies 
alternatively V0 and V7 only if one wishes to decrease the torque and to decrease flux (k = 
“00” and f = “0”) [5][7]. This control method permits to avoid disadvantages presented by 
the TAKAHASHI and the 2C2F strategies. Indeed, the response of stator flux presents less 
undulation and follows the reference suitably. Moreover this strategy allows the fluxing of 
the machine on the stop. In fact, using of the zero vector positions decreases the switching 
frequency and the torque pulsations (with the low speed). Moreover, using three states for 
the torque makes it possible to increase the precision. 
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0.2
Flux(Wb) 
 
Figure 11a: Torque evolution.       Figure 11b: Flux evolution  
4.5 Temperature effect 
Several studies make in evidence the sensitivity of induction machine parameters to 
many factors like temperature, saturation, etc. According to work's of Trigui [8] stator 
resistance depends on the temperature of the stator windings. The rise in temperature T 
causes an increase in stator resistance Rs according to the following equation :  
( ) () ( ) () 00 1 ss RT RT T T α =+ −                    ( 9 )  
where α is the temperature coefficient and T0 an initial temperature. 
To predict temperature effect with the developed virtual prototype, we introduced this 
equation in the model of the asynchronous machine. Figures 12a, 12b, 12c show the 
obtained simulation for five temperatures : T1=30°C, T2=100°C, T3=150°C, T4=300°C 
then T5=650°C. 
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Figure 12a: Torque evolution  J. Electrical Systems 2-4 (2006): 185-197 
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Figure 12b: Flux evolution  
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Figure 12c: Flux vector evolution with temperature variation 
According to Figures 12, the temperature have a consequent effect on electromagnetic 
torque, stator flux and flux vector behaviours. In fact, when exceeding T=150°C, both 
torque and flux don’t follow there references and cause system disfunction. This type of 
simulation using a virtual prototype have two advantages: first, it permits to predict 
temperature limits giving an acceptable DTC behaviour; second, it is difficult and 
dangerous to do the same simulations with a real prototype. 
4.6 The switching frequency variation of the inverter 
The Direct Torque Control, in spite of its advantages has a major disadvantage which is 
the noncontrol of the commutation frequency of the inverter, that is being dependent on the 
operation point of the machine. This noncontrol of the inverter frequency is in particular the 
cause of an awkward acoustic noise generated on the level of the engine especially at low 
speed where the commutation frequency of the inverter is very weak (approximately 300 
Hz). Moreover at high speed, we can reach 17KHz (figure 13), where the losses due to 
commutations are not negligibles. These limits of frequencies are functions of the 
bandwidths and the sampling period of the system.  
4.7 Effect of bit number of the converter 
The bit number of the A/D converter (N) has an important effect on the DTC control 
system, especially on torque and flux behaviours. In fact, torque and flux estimation 
accuracy depends on the length of the binary data and numerical calculation methods. 
Figure 14 present torque and flux behaviour simulation obtained with 8 bits, 12 bits and 16 
bits A/D converters. A degradation of torque and flux regulation is observed when using 8 
bits converter. In fact, we can see that the torque is controlled around its reference with an S. Feki et al: Simulation and Optimization of Multi-domain Systems using VHDL-AMS ... 
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hysteresis band correction (3% of nominal value), but stator flux presents many fluctuations 
and overshoots out of hysteresis band. This simulation permits to choice the suitable A/D 
converter before producing a real prototype. 
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Figure 13: switching frequency variation 
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Figure 14: Flux and torque evolution with bit number variation 
5 CONCLUSION 
This work exposes a high-level description and simulation with VHDL-AMS of a multi-
domain system (DTC control). We show how a high level language can be used to model 
such complex system. We have exposed in this paper a behavioural study of effects of 
several generics on the DTC system. More studies can be carried out with our developed 
VHDL-AMS description and more expressions may be introduced in models to simulate J. Electrical Systems 2-4 (2006): 185-197 
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the effect of other DTC phenomenon. At this behavioural level, it is possible to talk about 
virtual prototyping making possible the characterization of the system and the prediction of 
its performances. If the virtual prototype is automatically adjusted when specifications 
change, it may be considered as an IP. 
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